To clarify the cause of sex change recovery after the withdrawal of androgen treatment, immature female Malabar grouper were fed a diet containing 17alpha-methyltestosterone (MT) at 50 lg/g for 7 mo and then a normal diet for 6 mo. The MT brought about precocious sex change from immature ovaries to mature testes with active spermatogenesis, including the development of spermatozoa, and sex change reversed soon after MT treatment withdrawal. This result indicates that precocious sex change in immature Malabar grouper with oral MT treatment is impermanent. The expression of three steroidogenic enzymes (Cyp11a, Cyp19a1a, and Cyp11b) in the gonads of the Malabar grouper were analyzed immunohistochemically at the end of the 7-mo treatment. No apparent differences were seen in the expression pattern of these enzymes between the mature testes of MT-treated fish and the immature ovaries of control fish. In addition, serum estradiol-17beta and 11-ketotestosterone levels in treated fish were the same as those in control fish. These results indicate that in the case of immature Malabar grouper MT might have little effect on endogenous steroidogenesis during precocious sex change even though it induced active spermatogenesis in the gonads of treated fish. From these results, we also concluded that MT might have little effect on the steroidogenic endocrine pathway, and this is one cause of sex change recovery after treatment withdrawal.
INTRODUCTION
Grouper are protogynous hermaphrodites: their sex changes from female to male when they reach a large size [1] [2] [3] [4] [5] [6] [7] . Mature males are an important prerequisite in artificial seed production of grouper; however, their availability is limited owing to their reproductive characteristics. Artificial sex change has been successfully performed in some grouper species to overcome the shortage of mature males, and these studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] have shown successful artificial permanent sex change from female to male induced via downregulation of endogenous estrogen synthesis using exogenous androgen or aromatase inhibitors. In young (age range, 1-4 yr) dusky grouper, Epinephelus marginatus, it was seen or mentioned that sex inversion after orally administered or injected MT may not be maintained and that their sex may change back to females during the next reproductive period. However, sexual recovery after MT treatment was not demonstrated, and the cause of this phenomenon remains unclear [18, 19] .
Our recent study [20] demonstrated for the first time to date that precocious sex change from immature ovaries to mature testes can be induced in underyearling Malabar grouper, Epinephelus malabaricus, with 17a-methyltestosterone (MT) treatment after ovarian differentiation. This precocious sex change is variable for the aquaculture of grouper; however, testes with active spermatogenic germ cells that have changed from immature ovaries are highly likely to change back to ovaries after treatment withdrawal as previously reported in the dusky grouper [18, 19] .
In gonochoristic teleost fish, endogenous sex steroid hormones generally have a role in natural gonadal sex differentiation, and the most effective period to induce artificial sex change via exogenous sex hormones is thought to be during gonadal sex differentiation; it is almost impossible to induce sex reversal after sex differentiation [21] . Exogenous androgen has also been demonstrated to affect the expression of key steroidogenic enzymes, including Cyp19a1a, which is essential for estrogen synthesis, to induce permanent sex reversal in the gonochoristic Nile tilapia, Oreochromis niloticus [22] . In some grouper species, expression patterns of steroidogenic enzymes in the gonads and serum sex steroid hormone levels change during natural or artificial sex change [7, [23] [24] [25] [26] [27] . Thus, we believe that completion of permanent sex change requires a change not only in germ cell differentiation from oogenesis to spermatogenesis but also in the expression patterns of steroidogenic enzymes during sex change from ovary to testis.
In this study, we first investigated by histological analysis whether the testis that is reversed from immature ovary using MT would recover after the withdrawal of MT treatment. Next, to clarify the cause of recovery after sex change, we analyzed the expression patterns of steroidogenic enzymes in the gonads of MT-treated and control fish during precocious sex change; serum sex hormone levels were also examined.
Specimens of E. malabaricus were raised in the Okinawa Prefectural Fisheries Research and Extension Center in Ishigaki, Okinawa, Japan. The fish were maintained as described previously [28] . We believe that they reach sexual maturity as females approximately 5 yr after hatching and change their sex from female to male more than 10 yr after hatching.
Hormone Treatment and Sampling
The MT was dissolved in 96% ethanol and added to commercial fish feed (Pure-gold; Marubeni Nisshin Feed Co., Ltd.) at a concentration of 50 lg/g as described previously [21] . Control feed was mixed with 96% ethanol only. After air-drying overnight, the feed was stored at room temperature until used for feeding.
All fish were anesthetized with 0.05% 2-phenoxyethanol (Wako Chemicals) before sampling. After measurements of total length and body weight, the fish were euthanized by decapitation. All animal handling and experimental procedures were conducted in accordance with our guide for the care and use of laboratory animals (Animal-jikken-kisoku 19.6.26) and were approved by the University of the Ryukyus, Motobu, Okinawa, Japan.
For initial controls, seven fish were euthanized, and their gonads were collected to determine the gonadal status before the start of the treatment. The control group fish (n ¼ 50) received feed without MT, whereas the MT-treated group (n ¼ 52) received a diet containing 50 lg/g of MT. Fish were fed once daily at the rate of 0.75% of their body weight.
At 1, 2, 3, 5, and 7 mo after the start of treatment, 6 to 10 fish from each group were euthanized, and their gonads and blood were collected to examine the effects of MT on the gonads and steroid hormone levels. Then, at 1, 3, and 6 mo after the withdrawal of treatment, four to six fish from each group were euthanized, and their gonads and blood were collected. An overview of the experimental design is shown in Figure 1 . Control and MT-treated fish were kept in actively aerated seawater in 1.0-ton outdoor tanks before the withdrawal of MT treatment (34 fish per 1.0-ton tank at the end of treatment). Then, microtips (Pit tag BIO12A; BIO MARK) were injected in each fish to detect which fish were MT treated or control, and they were kept in the same 1.0-ton outdoor tank with fish that were used in another experiment (.60 fish per 1.0-ton tank).
Histological Observation
The gonads were fixed in Bouin solution, embedded in paraffin, crosssectioned, and stained with Delafield hematoxylin. Standard methods for light microscopy were used.
Immunohistochemistry
The expression of three steroidogenic enzymes (Cyp11a, Cyp19a1a, and Cyp11b) in the gonads was examined at the end of the 7-mo treatment. The method was as described by Murata et al. [29] .
Measurement of Steroid Hormones
Serum estradiol-17b (E2) and 11-ketotestosterone (11KT) were quantified by using ELISA. The method was as described previously by Asahina et al. [30] .
Statistical Analysis
All data are expressed as the mean 6 SEM. One-way ANOVA and TukeyKramer comparison test were used for statistical analysis of E2 and 11KT levels.
RESULTS

Effects of MT Treatment on Gonads
The size, age, growth performance, and gonadal status of fish during the experimental period are summarized in Table 1 . All fish in the initial control group had immature ovaries consisting of the ovarian cavity and a few oogonia ( Fig. 2A) . As the experiment progressed, the immature ovaries of all control fish developed slowly as described in our previous study [28] , and perinucleolar stage oocytes were detected in the ovary at the end of the experiment (Fig. 2, B, D, F, and H) . Conversely, 2 mo after the start of the experiment, the slit (efferent duct-like structure) appeared between the ovarian cavity and blood vessel on the dorsal side in the gonads of all MT-treated fish, and spermatocytes were first detected in the gonads of some MT-treated fish, indicating the onset of spermatogenesis (Fig. 2C) . In MT-treated fish, spermatogenesis progressed until 7 mo after the start of the experiment, and 80% of MT-treated fish developed mature testes with active spermatogenesis and contained spermatozoa in the efferent duct-like structure (Fig. 2E) . Spermatozoa in the gonads of almost all MT-treated fish disappeared within 1 mo after the withdrawal of MT treatment (Fig. 2G) . At 3 and 6 mo after the withdrawal of MT treatment, neither sperm nor spermatogenesis was detected in the gonads of any MT-treated fish, and perinucleolar oocytes were seen in the gonads of some MTtreated fish as in control fish (Fig. 2I) . Sterile gonads consisted of somatic cells only; no germ cells could be observed in these sterile, MT-treated fish during the last 5 mo of the experiment (data not shown).
Expression of Steroidogenic Enzymes and Serum Sex Steroid Hormone Level
To clarify the effects of MT on the expression of steroidogenic enzymes, we used immunohistochemistry to investigate the expression pattern of three steroidogenic enzymes (Cyp11a, the key steroidogenic enzyme; Cyp19a1a, which is essential for E2 production; and Cyp11b, which is important for fish-specific androgen 11KT production) in the gonads of the Malabar grouper 7 mo after the start of the experiment. In the control immature ovary, Cyp11a-positive cells appeared in the area surrounding germ cells and in the ovarian tunica area, Cyp19a1a-positive cells appeared only in the somatic cells surrounding germ cells, and Cyp11b-positive cells appeared only in the ovarian tunica area (Fig. 3, A, C , and E) as reported in our previous study [29] . These steroidogenic enzyme-positive cells were also detected in MT-treated testes. Cyp11a-positive cells appeared in the somatic cells surrounding germ cells and cysts, Sertoli cell layer, and somatic tissue in the ovarian tunica area (Fig. 3B) . Cyp19a1a-positive cells appeared only in the somatic cells surrounding germ cells and cysts (Fig. 3D ). Cyp11b-positive cells appeared only in the somatic tissue in the ovarian tunica area. Cyp11b-positive cells were not localized in the interstitial tissue of testes (Fig. 3F) .
Serum E2 and 11KT levels in the Malabar grouper 7 mo after the start of the experiment were measured by ELISA (Fig.  4) . No significant differences (P , 0.05) in these levels were found between control fish, which had immature ovaries, and MT-treated fish, which had mature testes.
DISCUSSION
In this study, we showed that oral MT treatment induced precocious sex change from immature ovary to testes with active spermatogenesis in 80% of underyearling Malabar grouper as demonstrated in our previous study [21] . However, after the withdrawal of MT treatment, spermatogenesis in testes immediately stopped and disappeared, and testes ultimately changed back to immature ovaries with some perinucleolar oocytes. This result indicates that precocious sex change in underyearling Malabar grouper via oral MT treatment is impermanent. To date, this is the first study in the peerreviewed literature demonstrating the recovery of sex-reversed testes to ovaries after the withdrawal of MT treatment in the MURATA ET AL.
grouper. On the other hand, MT treatment in mature female grouper is well known to induce permanent artificial sex change from female to male [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In mature female Malabar grouper (older than 10 yr), we also have successfully induced permanent sex change from female to male by MT injection and obtained fertilized eggs, indicating complete sex change [31] . Thus, in the grouper species MT treatment could not induce permanent sex change in immature females, but permanent sex reversal from female to male was induced in mature females. These results suggest that the effect of MT treatment varies with age, size, and degree of sexual maturation.
We predicted that differences in the physiological response to exogenous androgen exist between immature and mature ovaries in grouper. Recent studies [7, 23, 24, 27] have revealed the endocrine mechanism of natural sex change in the protogynous honeycomb grouper, Epinephelus merra. In this species, Cyp11a-immunopositive and Cyp11b-immunopositive cells appear in the remaining follicle layer of degenerated oocytes in the gonads during the early phase of sex change. During the male phase, these Cyp11a-immunopositive and Cyp11b-immunopositive cells differentiate into Leydig cells in the interstitial tissue of testes. Moreover, correlated with Leydig cell differentiation, serum 11KT level increases significantly during natural and hormone-induced sex change from female to male. It is also known that Cyp19a1a protein expression in the gonads is decreased during natural sex change from ovary to testes in the honeycomb grouper (Murata, Kobayashi, and Nakamura, unpublished results). In the protogynous hermaphrodite red-spotted grouper, Epinephelus akaara, and the orange-spotted grouper, Epinephelus coioides, Cyp19a1a protein or mRNA expression in the follicle TRANSIENT SEX CHANGE IN THE GROUPER layer cells in the gonads reportedly drops significantly during artificial permanent sex reversal from female to male induced by MT treatment [25, 26] . In other sex-changing fish, the endocrine pathway of sex steroid hormone synthesis reportedly changed in accordance with gonadal sex change [32] [33] [34] [35] . These studies have indicated that endocrine functional sex change in somatic cells is one of the critical events in permanent sex change from ovary to testes in sex-reversing fish. In the present study, we immunohistochemically analyzed the expression pattern of three steroidogenic enzymes (Cyp11a, Cyp19a1a, and Cyp11b) in the gonads of experimental Malabar grouper. The expression patterns of these steroidogenic enzymes were almost the same as those in the ovaries of control fish. Moreover, no differences were observed in serum steroid levels of E2 and 11KT between control and MT-treated fish. These results were not harmonious with the above reports.
From these results, we concluded that in the case of immature Malabar grouper MT might have little effect on endogenous steroidogenesis in the gonads, suggesting that precocious sex change from immature ovary to testis by MT treatment in underyearling Malabar grouper might occur only through direct stimulus of germ cells for spermatogenesis by the exogenous androgen (MT) treatment. We believe that the effect, if any, exerted by MT treatment on the endogenous steroidogenesis was miniscule and insufficient to maintain the gonads as testes. We presumed, therefore, that spermatogenesis immediately stopped after the withdrawal of MT treatment. Moreover, the results suggested that, because the somatic cells in the gonads still had ovarian endocrine function, germ cells differentiated into oocytes again. Our previous study [27] demonstrated that gonadotropins in the pituitary, especially follicle-stimulating hormone (FSH), have a critical role in initiating sex change and in maintaining the testes in the protogynous honeycomb grouper. On the basis of our study, we predicted that FSH in the case of the Malabar grouper is also essential for the maintenance of the testes after sex change. However, whether MT had effects on the expression pattern of gonadotropins in the pituitary was not investigated in the present study. Recently, we cloned gonadotropin hormone subunit genes (cga, fshb, and lhb) and established a real-time RT-PCR assay system in the Malabar grouper [36] . Further studies are needed to analyze the effect of MT on the expression patterns of gonadotropins in the pituitary in order to clarify the cause of precocious sex change recovery with MT treatment in immature grouper. 
TRANSIENT SEX CHANGE IN THE GROUPER
In this study, although the progression of gonadal developmental was similar to that observed in our previous reports on gonadal sex differentiation in the Malabar grouper, the growth performance of fish was lower than that previous observed [28] . This might have been caused by the change in the density of fish in the experimental tank after the withdrawal of MT treatment. Moreover, in this study 20% of MT-treated fish showed sterile gonads, which consisted of somatic cells only, and no germ cells were observed (data not shown). It has been reported previously that sterile gonads were observed in MT-treated salmonid fish, but the physiological mechanism remains unclear [37] . Similarly, the physiological mechanism of the phenomenon observed in this study is also unclear. Therefore, detailed studies are required to clarify this mechanism and better understand the process of precocious sex change using artificial androgen in the grouper.
